The TGF-β family of extracellular growth factors regulates a diverse spectrum of cellular processes including cell proliferation, adhesion, migration, cell-fate determination and apoptosis. Defects in the signaling downstream of TGF-β are associated with metastatic cancer. TGF-β signaling converges to a set of intracellular SMAD proteins that further transfers the signal to changes in transcription. Receptor-regulated SMAD proteins (R-SMADs) are activated by phosphorylation of C-terminally located serine residues. This phosphorylation enables a heterocomplex formation between R-SMADs and the common-mediator SMAD (Co-SMAD; SMAD4). The heterocomplex is imported into the nucleus where it activates or represses transcription at specific SMAD-binding sequences at promoter sites[@b1][@b2]. Several co-crystal structures of different SMADs bound to target DNA have been determined[@b3][@b4][@b5]. In addition to binding DNA, SMADs often function via association with other transcription regulators, such as histone acetyltransferase co-activators p300 and CBP[@b6][@b7], histone deacetylase (HDAC) co-repressors[@b8] and intracellular parts of the Delta-like protein which may play an important role in bi-directional Notch-Delta signaling[@b9].

Furthermore, there are direct modulators of TGF-β signaling and the most studied of these modulators are Ski and SnoN, which although sharing 37% sequence identity, have individual essential roles in embryo development and the differentiation of adult stem cells. Levels of both proteins are tightly regulated by proteosomal degradation and *via* SMAD transcriptional activation[@b10][@b11]. The SnoN-SMAD4 complex negatively regulates SnoN transcription at basal SnoN levels effectively leading to negative feedback regulation of SnoN levels[@b12]. Both Ski and SnoN are well-known oncoproteins whose expression is elevated in several tumor cell lines resistant to the TGF-β repression of cell growth[@b13][@b14][@b15][@b16][@b17][@b18]. Furthermore, Ski and SnoN have anti-oncogenic behavior in some cancer cells[@b19][@b20]. For SnoN, this may be explained by a dual role in TGF-β signaling in which low levels of SnoN promote TGF-β dependent transcription while high levels antagonize it[@b21].

SnoN and Ski bind to promoter-bound SMAD transcription factors such as the R-SMAD/Co-SMAD heteromer, which in turn recruits co-repressors such as HDAC, NCoR1 or Sin3A to the promoter site[@b22][@b23][@b24][@b25][@b26][@b27]. SnoN and Ski also compete for the binding of SMADs with the co-activators p300 and CBP. Interestingly, Ski has been shown to disrupt the R-SMAD/Co-SMAD heteromer[@b28], while no such data is available for SnoN.

Ski and SnoN have similar domain architectures featuring an unstructured N-terminal region with an R-SMAD binding site; a Dachshund-homology domain and a SMAD4-binding SAND domain; and, at their end, an extended, unstructured C-terminal tail[@b28][@b29]. Crystal structures have been determined of the Dachshund-homology domain of SnoN[@b30]. Furthermore, a crystal structure of the SAND domain of Ski, in complex with the MAD homology 2 (MH2) domain of SMAD4, is available. This latter structure, in combination with accompanying biochemistry work, suggested a model in which Ski disrupts the active SMAD heterotrimer and thereby inhibits SMAD transcriptional regulation[@b28]. Based on their different signaling roles, we hypothesized that Ski and SnoN may act differently on R-SMAD/Co-SMAD heteromers i.e. such that Ski may destabilize and SnoN may stabilize R-SMAD/Co-SMAD complexes. To this end, we studied the effect of SnoN on the heteromeric complex of SMAD3 and SMAD4 through a range of biochemical and biophysical techniques.

Results and Discussion
======================

SMAD3, SMAD4 and SnoN Form a Stable Complex
-------------------------------------------

In order to study the interaction between SnoN and SMAD3/SMAD4 biochemically, untagged SnoN (M1-S356) -- containing both SMAD3-binding regions and the SMAD4-binding SAND domain[@b31] ([Figure S1](#S1){ref-type="supplementary-material"}) -- was mixed with the purified Strep II-tagged MH2 domain of SMAD3 (S423E, S425D) (^Strep^SMAD3) and the His-tagged MH2 domain of SMAD4 (^His^SMAD4). After complex formation, the mixture was run over two columns with selectivity for either SMAD3 or SMAD4. Unexpectedly, ^Strep^SMAD3, ^His^SMAD4 and SnoN formed a stable complex ([Fig. 1A--C](#f1){ref-type="fig"} and [Figure S2](#S1){ref-type="supplementary-material"}). When repeating this affinity purification procedure with mixed ^Strep^SMAD3 and ^His^SMAD4 but without SnoN, the ^Strep^SMAD3/^His^SMAD4 formed a less stable complex than the SnoN/^Strep^SMAD3/^His^SMAD4, indicating that SnoN stabilizes the SMAD3/SMAD4 complex (compare 1A and 1D). To further assess the stoichiometry of the SnoN-SMAD3-SMAD4 complex, we used near-infrared fluorescence imaging with a cysteine-specific dye. The resulting stoichiometry was 1.0:2.1:1.2 (SnoN:SMAD3:SMAD4) ([Fig. 1E](#f1){ref-type="fig"} and [Figure S3](#S1){ref-type="supplementary-material"}). This supports that SnoN forms a complex with an active SMAD3-SMAD4 heterotrimer. This result differs significantly from the behavior of Ski, where the SAND domain of Ski disrupted the R-SMAD/Co-SMAD complexes[@b28].

Crystal Structure Reveals Two Distinct SnoN/SMAD4 Forms
-------------------------------------------------------

Earlier studies have shown that the interaction between Ski and SMAD4 is critical for Ski's disruption of the R-SMAD/SMAD4 complex[@b28]. Therefore, to rationalize the SnoN complex-stabilization results described above at a molecular-mechanistic level, we crystallized a complex between the SAND domain of SnoN (T238-S356) and the MH2 domain of SMAD4 (I314-Q549). The complex crystallizes as trimers of SnoN-SMAD4 heterodimers ([Fig. 2A](#f2){ref-type="fig"}), where SnoN interacts with SMAD4 in either an "open" or a "closed" binding mode ([Fig. 2B--D](#f2){ref-type="fig"}). A striking structural feature is the strand complementation observed between SnoN β-strand β5 and the edge strand of the SMAD4 MH2 central β-sheet ([Fig. 2C,D](#f2){ref-type="fig"}). Similar interactions are common at the stable protein-protein interfaces of obligatory dimers such as mitochondrial poly-A polymerases[@b32].

Interactions Bridging SnoN and SMAD4, Seen in Both Open and Closed Forms, are Specific and Evolutionary Conserved
-----------------------------------------------------------------------------------------------------------------

When comparing the open and closed SnoN-binding modes, we find that all SnoN-SMAD4 interactions that are present in the open conformation ([Fig. 3A](#f3){ref-type="fig"}) are also present in the closed state ([Fig. 3B](#f3){ref-type="fig"}). These interactions include parallel β-backbone hydrogen bonds between the conserved strand β5 and adjacent loop regions (residue Arg314-Trp318) in SnoN and the edge β-strand (residues 424--430) of SMAD4. The interactions also include binding of SnoN Trp318 in a hydrophobic cleft in SMAD4 lined by Leu414, Ile429, Ile435 and His427. To further strengthen the SnoN-SMAD4 heterodimer interface, His427 offers a side-chain hydrogen bond to Trp318, and Arg314 in SnoN forms an ionic interaction with Asp424 in SMAD4. Beyond these common consensus interactions, the closed state contains additional hydrogen bonds between SnoN (residues Lys313, Lys324 and His330) and SMAD4 ([Fig. 3C](#f3){ref-type="fig"}). These additional hydrogen bonds appear to have suboptimal geometry and distances, which makes their precise contribution to interface stabilization questionable.

The open SnoN-SMAD4 state reveals a novel binding mode whereas the relative orientation of SnoN and SMAD4 in the closed conformation resembles that of the previously reported Ski-SMAD4 structure (PDB code 1MR1)[@b28]. Ski and SnoN share 37% overall amino-acid sequence identity, and 43% sequence identity for the SAND domain ([Figure S4](#S1){ref-type="supplementary-material"}), and despite significant sequence similarity, Ski and SnoN participate in different essential cellular processes[@b10][@b11]. A comparison of our SnoN-SMAD4 structure with that of Ski-SMAD4 (PDB code 1MR1) shows that the consensus interactions common to the closed and open states in our SnoN-SMAD4 structure are strongly conserved between SnoN-SMAD4 and Ski-SMAD4, particularly the β5 interactions. Interestingly, the additional interactions of the closed SnoN-SMAD4 state are not conserved between SnoN and Ski ([Figure S4](#S1){ref-type="supplementary-material"}). Furthermore, mapping the evolutionary conservation to the surface of SnoN highlights that SnoN residues involved in consensus interactions (present in both open and closed states) are highly conserved, while those unique to the closed conformation are more diverse ([Fig. 3D--E](#f3){ref-type="fig"}). This may indicate that the explanation for the difference between Ski's and SnoN's interaction behaviour with the co-SMAD/R-SMAD complex lies in the non-conserved sequence regions involved specifically in the closed state.

It is evident that the observed binding modes of SnoN and Ski to SMAD4 may be affected by crystal packing or non-crystallographic symmetry. In the SnoN-SMAD crystal structure presented here, SnoN-SMAD4 crystallizes as a trimer of heterodimers ([Figure S5](#S1){ref-type="supplementary-material"}). Furthermore, the SnoN protomers in the closed conformation packs against other SnoN protomers in the closed conformation while the single SnoN protomer in the open conformation packs against another SnoN protomer also in the open conformation. This way the angle relative to SMAD4 is restricted -- but not as restricted as the angles for the two SnoN protomers in the closed state. In the Ski-SMAD4 case, the asymmetric unit is built up with two SMAD4 protomers and two Ski protomers where the Ski protomers interact with each other and packs crystallographically with the C-terminal part of SMAD4[@b28]. Hence, it is conceivable that the crystallographic packing enforces the closed state observed in the crystal structures of both the SnoN and Ski SMAD4 co-crystal structures. Therefore, it is possible that Ski may also bind SMAD4 in two conformations in solution, where the existing Ski-SMAD4 crystal structure[@b28] may have captured only the closed state. However, it is outside the scope of this work to investigate this possibility for Ski further.

Kinetics Indicate Existence of One Major SnoN/SMAD4 Binding Mode in Solution
----------------------------------------------------------------------------

We used surface plasmon resonance (SPR) techniques to test whether there are several binding modes for SnoN/SMAD4 also in solution. To this end, we titrated SnoN onto a SPR chip coated with SMAD4. The resulting sensorgrams could be easily fitted to a simple one-step binding model ([Fig. 4](#f4){ref-type="fig"}). From this, the association and dissociation rate constants for the complex formation, *k*~a~ and *k*~d~ were determined to be 1.2\*10^5^ M^−1^s^−1^ (SE = 3.0\*10^3^ M^−1^s^−1^) and 0.129 s^−1^ (SE = 1.1\*10^−3^ s^−1^), respectively. The *k*~a~ and *k*~d~ in turn gave the equilibrium dissociation constant *K*~D~ = *k*~d~/*k*~a~ = 1.1 μM for the SnoN-SMAD4 interaction. These results show that SnoN and SMAD4 interact through one dominating binding mode and the level of affinity is similar to what is typical in other signaling complexes[@b33]. Thus, based on these structural, evolutionary and biochemical considerations, we suggest that the open SnoN-SMAD4 conformation represents the biologically and functionally more relevant binding mode.

Structural Analysis Indicates how SnoN can Recognize SMAD Heterotrimers without Intermolecular Clashes
------------------------------------------------------------------------------------------------------

TGF-β-activated (phosphorylated) SMADs assemble into heterotrimers consisting of two phosphorylated R-SMAD molecules and one SMAD4 molecule. The crystal structures of the heterotrimers of the SMAD2/SMAD4 and SMAD3/SMAD4 MH2 domains have been determined[@b34]. The previous superposition of the structures of Ski-SMAD4 and a SMAD2 homotrimer revealed potential intermolecular clashes upon Ski-SMAD association, which suggested a possible molecular mechanism for the inhibition of TGF-β signaling *via* disruption of the R-SMAD/Co-SMAD heterotrimer[@b28]. In contrast, the open conformation of our SnoN-SMAD4 structure can be superposed on the SMAD3-SMAD4 heterotrimer without significant steric hindrance between SMAD3 and SnoN ([Fig. 5A](#f5){ref-type="fig"}). While the space occupied by Glu267 coincides with that of the phosphorylated Ser423 (pSer423) in the SMAD3-SMAD4 structure, the Glu267 side chain could easily adjust to accommodate pSer423. Hence, from a structural viewpoint, SnoN would be fully capable of recognizing SMAD3-SMAD4 without disrupting the heterotrimer, which suggests a different mechanism for SnoN than that suggested for Ski[@b28].

In contrast, when overlaying the structures of the closed SnoN-SMAD4 state and SMAD3-SMAD4 ([Fig. 5B](#f5){ref-type="fig"}), we note significant overlap between SnoN and SMAD3. These sterically incompatible regions are all located outside the SnoN-SMAD4 and SMAD3-SMAD4 interfaces, and can therefore not be directly implied in the R-SMAD/Co-SMAD interaction. Importantly, no SnoN-interacting SMAD4 residue overlaps/clashes with a SMAD3-SMAD4 interaction, and in fact, only Lys428 of SMAD4 interacts with both SnoN and SMAD3. Additionally, the crystal packing of the SnoN-SMAD4 molecules as trimers of heterodimers strongly supports the notion that a SMAD trimer is fully compatible with bound SnoN ([Figure S5](#S1){ref-type="supplementary-material"}).

Conclusions
===========

We have successfully isolated a stable SMAD3/SMAD4/SnoN complex, and have shown that this complex is more stable than the SMAD3/SMAD4 complex in the absence of SnoN. Our kinetic analysis confirms the high affinity of the SnoN SAND domain for SMAD4, and that association follows a one-step binding model. This suggests that only one form, the open state, of SnoN-SMAD4 is present in solution.

The structure of the open conformation of SnoN-SMAD4 provides the basis for a mechanism for SnoN-mediated modulation of TGF-β signaling, which is distinct from that previously suggested based on the Ski-SMAD4 structure[@b28]. In the open form, SnoN would be able to bind an intact SMAD heterotrimer without intermolecular clashes or further structural readjustment. For the closed state, however, structural reorganization within the SMAD heterotrimer, similar to that seen for the Ski-SMAD4 complex[@b28], would be required to enable SnoN binding. Hence, Ski and SnoN may use two distinct structural mechanisms for modulating SMAD signaling.

The structure of our open SnoN-SMAD4 state suggests that SnoN can bind to an active SMAD heterotrimer to offer a stable scaffold for binding of co-repressors or co-activators, whereas the conformational state associated with Ski binding could result in inactivation of SMAD signaling *via* disruption of the SMAD heterotrimer[@b28]. Importantly, this active SnoN-SMAD model is compatible with expansion into larger functional complexes where additional co-repressors/co-activators are included during transcriptional regulation. Interestingly, our biochemical and structural data indicates a different mode of modulation of SnoN compared to that of Ski, which may reflect differences in the biological function of these modulators in TGF-β signaling -- an insight that opens up new avenues for modulator-specific therapeutic intervention in their respective roles in metastatic cancers.

Methods
=======

Cloning, expression and purification of recombinant proteins
------------------------------------------------------------

The SAND domain of SnoN (T238-S356), SnoN (M1-S356) and the MH2 domain of SMAD4 (I314-Q549) were each cloned into the pET-derived vector pNIC28Bsa4, providing a N-terminal hexahistidine tag with integrated TEV site (MHHHHHHSSGVDLGTENLYFQ\*SM). For the SPR analysis, SnoN (T238-S356) was cloned into the pET-derived vector pNicBio3 that provides a biotinylation sequence in the C-terminus. SMAD3 (E145-D425, including mutations S423E and S425D to mimick the phosphoserines in the activated SMAD3[@b35]) was cloned into the vector pASKIBA13 + (IBA) providing a N-terminal Strep II tag with integrated thrombin cleavage site. Each construct was expressed in *E. coli* strain KRX including the pRARE2 plasmid (for expression of rare tRNAs). Each construct was expressed at 18 °C using standard methods for growth and expression, with 0.5 mM isopropyl-β-D-thiogalactopyranoside and 0.2% rhamnose (SnoN/SMAD4) or 200 ng/mL anhydrotetracyclin (SMAD3) in terrific broth supplemented with 8 g/L glycerol (SMAD4 and SMAD3) or Luria-Bertani broth (SnoN). Harvested cells were resuspended in lysis buffer (50 mM HEPES, pH 8; 300 mM NaCl; 10% glycerol; 0.5 mM PMSF and 0.5 mM tris(2-carboxyethyl)phosphine (TCEP)), and cells were disrupted by high-pressure homogenization followed by centrifugation for 20 min at 40,000 g.

Proteins were purified with Ni-affinity (SMAD4 and SnoN constructs) or Strep II-affinity (SMAD3) chromatography and gel filtration chromatography, using fast protein liquid chromatography ÄKTA instruments (GE Healthcare). 5-ml Ni-charged HisTrap HP columns (GE Healthcare), 5-mL StrepTrap HP columns (GE Healthcare) and either a HiLoad 16/60 Superdex 200 (SMAD4), HighPrep 16/60 Sephacryl 300 (SMAD3) or a Superdex 200 HR10/30 (SnoN constructs) gel filtration column (GE Healthcare) were used. HisTrap HP columns were equilibrated in buffer A (20 mM HEPES, pH 8.0; 300 mM NaCl; 10% glycerol; and 2 mM TCEP), washed in Buffer A supplemented with 30 mM imidazole, and His-tagged proteins were eluted using a gradient of buffer A and buffer B (buffer A containing 500 mM imidazole). His tags of SnoN constructs were cleaved off using TEV protease at a molar ratio of 1/30, TEV/SnoN, during dialysis into buffer A, overnight at 4 °C. SnoN protein without affinity tags was separated from remaining tagged protein and TEV protease, by a second Ni affinity purification step, then with the desired protein without affinity tag in the flow-through. StrepTrap columns were equilibrated in buffer A and Strep II tagged protein was eluted with buffer A supplemented with 2.5 mM desthiobiotin, according to manufacturer's protocol. Gel-filtration columns were equilibrated in buffer A. The retention volumes of SMAD4, SMAD3 and SnoN corresponded to that of a monomer, trimer and a monomer/dimer, respectively. The SnoN-SMAD4 complex was reconstituted at a molar ratio of 1:1, for 2 h on ice, then run on a Superdex 200 HR10/30 column, eluting with a retention volume corresponding to a heterodimer. After purification, protein identities were confirmed by mass spectrometry (high performance liquid chromatography-electrospray ionization-mass spectrometry).

Isolation of a Complex Between SMAD3, SMAD4 and SnoN
----------------------------------------------------

StrepII-tagged SMAD3 (^Strep^SMAD3), hexahistidine-tagged SMAD4 (^His^SMAD4) and untagged SnoN (M1-S356) were purified to high purity as described above. The proteins were mixed at a molar ratio of SnoN:SMAD3:SMAD4 of 2.5:1:1, then incubated for 2 h on ice, followed by two affinity purification steps: First using 1 mL Strep-Tactin resin (high capacity: IBA) in 20-mL gravity flow columns (BioRad) and then a 100 μL Ni-NTA resin (Thermo Scientific) in 1.5 mL 0.22 μM filter spin columns (Millipore). Input samples were loaded on Strep-Tactin columns and incubated for 15 min. The incubation was followed by the collection of flow-through with 2 column volumes (CVs), a 5 CV wash step, and a 2 CV elution step. Volumes of 1 mL per eluted sample were directly added to Ni-NTA resin in 1.5 mL eppendorf tubes and incubated for 30 min, then resin was transferred to 1.5 mL spin columns and flow through was collected. This was followed by a 5 CV wash step, followed by elution using 3 CVs. Equilibration and wash steps of Strep-Tactin columns were performed using buffer A and elution step of Strep-Tactin columns was performed using buffer A supplemented with 2.5 mM desthiobiotin (Sigma-Aldrich). Ni-NTA resin was equilibrated in buffer A supplemented with 20 mM imidazol, followed by the wash step with buffer A supplemented with 50 mM imidazol and the elution step with buffer A supplemented with 500 mM imidazol. Fractions were analyzed with 4--12% Bis-Tris SDS-PAGE gel electrophoresis followed by Coomassie staining and Western blotting. Either Mouse Strep II tag antibody (Qiagen) or mouse monoclonal PentaHis antibody (Qiagen) was used followed by addition of anti-mouse IgG antibody conjugated to alkaline phosphatase (A3562, Sigma) and detection using Sigmafast BCIP/NBT AP substrate (Sigma-Aldrich).

The stoichiometry determination was carried out using fluorescence labelling of cysteines with IRDye 800CW Maleimide (LI-COR Biotechnology GmbH). The isolated SnoN-SMAD3-SMAD4 complex from the experiment described above was boiled with 1% SDS, 10 min at 98 degrees Celsius. Then it was supplemented with 50 mM Hepes, pH 7.0; 5 mM TCEP and 0.4 mM IRDye 800CW Maleimide, followed by incubation in dark for 2.5 hours. Samples were TCA precipitated and re-suspended in 4 M urea, followed by 4--12% Bis-Tris SDS-PAGE gel electrophoresis and gel scanning using the Odyssey Infrared Imaging System (LI-COR Biotechnology GmbH). Analysis was performed using Image Studio Lite (LI-COR Biotechnology GmbH). Plots and analysis was made using GraphPad Prism version 6.

Crystallization, data collection, structure determination and refinement
------------------------------------------------------------------------

Protein concentration used for crystallization was 11 mg/mL, calculated using absorbance at 280 nm and the combined extinction coefficients of SMAD4 and SnoN. The sitting drop vapor-diffusion method was used to produce SnoN-SMAD4 crystals by making drops of 2:1 protein:reservoir solution. Initial crystals were obtained in 300 nL drops, from which crystal seeds were transferred using streak seeding into 1.2 μL drops with a two-fold dilution of the protein component. Crystals were grown at 20 °C for 2 weeks with a reservoir solution consisting of 2.8--3.3 M NaCl and 0.1 M Bis-Tris, pH5.5. The crystal used for data collection was 0.1 × 0.1 × 0.2 mm in size. The crystal was flash-frozen in liquid nitrogen without further cryo protection. The crystallographic data collection was performed at beam line I04--1 at Diamond Light Source (United Kingdom). The data was processed using XDS[@b36] followed by POINTLESS and SCALA[@b37]. Phases were obtained by molecular replacement using PHASER[@b38], with the Ski-SMAD4 structure as template (PDB code 1MR1[@b28]). Anisotropy B-factor correction was performed using the Diffraction Anisotropy Server (<http://services.mbi.ucla.edu/anisoscale/>). Refinement using PHENIX 1.8.4[@b39] was performed with a twinning fraction of 0.19 and the twinning operator −1/2\*h-3/2\*k,1/2\*h-1/2\*k,l. Refinement was continued with REFMAC5[@b40]. Model building was carried out using COOT[@b41]. See [Table 1](#t1){ref-type="table"} for data processing and refinement statistics.

Surface plasmon resonance based experiments
-------------------------------------------

Binding experiments were performed using a BIAcore 2000 instrument (GE Healthcare). A carboxymethylated dextran chip (CM5, GE Healthcare) was used to immobilize SMAD4 (I314-Q549). A net positive charge is required for direct amine coupling; therefore, SMAD4 was diluted to a final concentration of 10 μg/mL in 10 mM sodium acetate buffer, pH 5.5. The flow cell was activated by a 1:1 solution of 100 mM N-hydroxysuccinimide and 400 mM N-ethyl-N'-(dimethyl- aminopropyl)carbodiimide. The protein was injected at 5 μL/min until approximately a 1300 response unit level of immobilized SMAD4 was reached, and then the flow cell was deactivated with 1 M ethanolamine HCl (pH 8.5). A control flow cell without immobilized ligand was activated and deactivated as indicated above. After immobilization, the channels were washed extensively with degassed sample buffer (10 mM HEPES, pH 7.4; 150 mM NaCl; 0.005% TWEEN-20; 0.5 mM TCEP) and regeneration solution (2 M NaCl). All experiments were carried out at room temperature and with a flow rate of 30 μL/min. The SnoN SAND-domain (T238-S356) at concentrations of 0--500 nM was injected for 2 min followed by a sample buffer wash for 10 min. After each cycle, the chip was regenerated with regeneration solution for 2 times 30 sec. Blank-corrected binding profiles (sensorgrams) for SnoN (T238-S356) were obtained by subtracting the response in the reference channel from the response in the binding channel. Data modification including scale transformation and background subtraction and calculations were performed with the program BIAevaluation (GE Healthcare).
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![Analysis of SnoN/SMAD Interactions.\
Affinity purification of a complex including truncated forms of untagged SnoN (M1-S356, 38.6 kDa), Strep II tagged SMAD3 (MH2 domain (S423E, S425D), 33.6 kDa) and His tagged SMAD4 (MH2 domain, 28.3 kDa) (**A**--**C**). From left, SnoN-^Strep^SMAD3-^His^SMAD4 input; sample not binding to the Strep-Tactin column (Strep flow-through); Strep-Tactin eluate (Strep eluate); Strep-Tactin elute was loaded directly onto the Ni-NTA column; any proteins not binding to the Ni-NTA column (Ni-NTA flow-through/wash); and Ni-NTA eluate containing the isolated complex of SMAD3, SMAD4 and SnoN. Integrity and identity of SMAD4 was confirmed by MALDI-MS/MS mass spectrometry analysis of trypsinated protein extracted from the gel ([Supplemental information](#S1){ref-type="supplementary-material"}). (**A**) Coomassie stained gel. (**B**) Western blot analysis using anti-hexahistidine tag antibody recognizing ^His^SMAD4. The lowest band corresponds to SMAD4, as confirmed by mass spectrometry. (**C**) Western-blot analysis using anti-Strep II tag antibody recognizing ^Strep^SMAD3. (**D**) Affinity purification as in (**A**--**C**) but excluding SnoN. (**E**) Stoichiometry of SnoN-^Strep^SMAD3-^His^SMAD4 complex assessed by fluorescence labeling of cysteines in the NiNTA eluate seen in A by a maleimide derivative of IRDye 800CW (LI-COR Biotechnology GmbH). Error bars are for the standard deviation of three individual measurements, see [Supplementary information](#S1){ref-type="supplementary-material"}. SeeBlue^®^ Plus2 Pre-stained Protein Standard (Invitrogen) and Mark12 unstained standard (Thermo Fisher Scientific) were used for (**A**--**C** and **D**), respectively, with relevant molecular weights indicated to the left of each gel. IgG antibody conjugated to alkaline phosphatase was used for blots in (**B** and **C**). Please see the experimental procedures section for further details.](srep46370-f1){#f1}

![Overall Structure of SnoN-SMAD4.\
(**A**) Content of asymmetric unit, with SnoN-SMAD4 as trimers of heterodimers, with SMAD4 (grey) mediating most of the trimer contacts, one open (beige) and two SnoN molecules in closed conformation (cyan). Bound Zn ions are indicated in brown and blue for open and closed conformation SnoN, respectively. (**B**) Open and closed conformations of SnoN with the interacting SMAD4s superimposed. (**C**) Close-up of open-conformation SnoN. (**D**) Close-up of closed-conformation SnoN. Secondary structure elements are indicated as α-helix (α) and β-strand (β) with numbers increasing from the N-terminal to the C-terminal. Color codes as in (**A**).](srep46370-f2){#f2}

![Interactions Between SnoN and SMAD4.\
I(**A**) Open conformation interactions between SnoN (beige) and SMAD4 (grey). (**B**) Closed conformation interactions between SnoN (cyan) and SMAD4 (grey). (**C**) Additional interactions between SnoN (cyan) and SMAD4 (grey), which are part of SnoN-SMAD4 interactions in the closed conformations only. (**D**) Open conformation of SnoN. Residues involved in SMAD4 interactions in SnoN, according to the buried surface model as implemented in PISA[@b42], are colored according to level of evolutionary conservation, going from fully conserved (violet-red) to no conservation (blue-green), calculated using the Consurf server (<http://consurf.tau.ac.il/>)[@b43]. (**E**) 'Closed' conformation of SnoN. Same coloring as in (**D**).](srep46370-f3){#f3}

![Surface plasmon resonance-based analysis of SMAD4-binding to SnoN.\
Corrected response of various concentrations of SnoN on SMAD4. Sensorgrams with curve fittings (black continuous line) for each titration experiment are shown. SnoN concentrations used for each titration/sensorgram are indicated.](srep46370-f4){#f4}

![SnoN-SMAD4 Superimposed on the SMAD3-SMAD4 Heterotrimer Structure.\
(**A**) Open conformation of SnoN (beige) superimposed based on the interacting SMAD4 with the structure of SMAD3-SMAD4 (green-grey) (PDB code 1U7F[@b34]) (**B**) Close-up of (**A**). Glu267 is shown in both the conformation found in our complex structure and in its most preferred rotamer (50% transparent), which is compatible with the binding of an activated SMAD3-SMAD4 heteromer. (**C**) Closed conformation of SnoN (cyan) superimposed based on the interacting SMAD4 in the structure of SMAD3-SMAD4 (green-grey). (**D**) Close-up of (**C**). Phosphoserine residues of SMAD3 indicated as pSer423 and pSer425, respectively.](srep46370-f5){#f5}

###### Data collection and refinement statistics.

  Data collection                             
  ------------------------------------------- ---------------------------
  Resolution (Å)                               40.3--2.6 (2.74--2.60)\*
  Space group                                             C2
  Unit cell (Å; a,b,c,β)                       213.54 122.83 51.57 90.72
  No. of observed reflections                       110677 (14588)
  No. of unique reflections                          39718 (5678)
  Completeness (%)                                    97.2 (95.5)
  Redundancy                                           2.8 (2.6)
  \<I/σ(I)\>                                           3.7 (0.7)
  CC(1/2) (%)                                         99.2 (31.9)
  **Refinement**                              
  No. of atoms                                           6833
  Protein                                                6694
  Water                                                   129
  Zn ions                                                  3
  Ni ions                                                  2
  Average thermal factor (Å^2^)                          42.7
  Wilson B-factor (Å^2^)                                 42.5
  **r.m.s. deviations from ideality**         
  Bond lengths (Å)                                       0.018
  Bond angles                                            1.847
  No. reflections work/free                           39616/1997
  R~~work~/R~free~~                                    20.8/24.2
  Ramachandran plot favored/outliers (%)^†^            95.1/0.6

^†^According to the definition used in Molprobity[@b44].

\*Values in parenthesis refers to the outer resolution shell.
